Introduction {#Sec1}
============

Volume overload is a phenomenon associated with liver cirrhosis, and its mainstay treatment is loop diuretics. The loop diuretic dosage is increased until diuresis is satisfactory \[[@CR1], [@CR2]\]. However, if diuresis remains unsatisfactory, few useful alternative therapeutic options are available for patients with volume overload. In addition, it is well known that increases in loop diuretic dosage are not well tolerated and can lead to adverse events, including renal impairment and electrolyte abnormality \[[@CR3], [@CR4]\].

Hypoalbuminemia frequently complicates liver cirrhosis \[[@CR5]\]. The serum albumin level contributes to the prevention of edema by balancing the hydrostatic and colloid osmotic pressure within blood vessels \[[@CR6], [@CR7]\]. The binding of drugs to serum albumin plays an important role in pharmacokinetics, drug distribution, and drug metabolism \[[@CR6], [@CR8]\]. Hypoalbuminemia is considered a reason for insufficient response to loop diuretics \[[@CR9]\]. Few therapeutic options are available for patients with hypoalbuminemia if the response to loop diuretics is insufficient \[[@CR10]\].

Tolvaptan is a novel diuretic agent that acts on the distal nephron to allow excretion of electrolyte-free water (aquaresis), thereby exerting its pharmacological action without causing electrolyte imbalance \[[@CR11]\]. In the four previous clinical trials, tolvaptan was shown to reduce body weight in patients with liver cirrhosis \[[@CR12]--[@CR15]\] who had insufficient response to conventional diuretics. Change in body weight was considered a reliable surrogate marker of improvement in symptoms in several previous clinical trials of diuretic therapy \[[@CR12]--[@CR18]\]. Short-term outcomes of diuretic therapy include an increased urine volume and a reduced body weight. We therefore considered that change in the initial 24-h cumulative urine volume (change in the initial urine volume) from baseline might be an appropriate measure of the diuretic effect and might be assessable during short-term treatment. Furthermore, previous studies on tolvaptan did not evaluate whether the change in the initial urine volume from baseline is related to the serum albumin level at baseline \[[@CR12]--[@CR15]\].

In a study of tolvaptan efficacy in patients with liver cirrhosis, Sakaida et al. \[[@CR15]\] reported a significant reduction in body weight after tolvaptan treatment compared with treatment with placebo despite a serum albumin level of less than 2.5 g/dL. However, no study has assessed whether the tolvaptan-induced change in the initial urine volume depends on the serum albumin level at baseline. Therefore, we performed a post hoc analysis to investigate whether the change in the initial urine volume from baseline is related to the serum albumin level at baseline. In addition, factors affecting the change in the initial urine volume were analyzed.

Methods {#Sec2}
=======

Objectives {#Sec3}
----------

The primary objective of this post hoc analysis was to evaluate the correlation between the change in the initial urine volume from baseline and the serum albumin level at baseline in patients with liver cirrhosis who were treated with tolvaptan or placebo. The secondary objective was to identify the most reliable factors predictive of the change in the initial urine volume.

Study population {#Sec4}
----------------

This post hoc analysis was based on four previous clinical trials of tolvaptan performed in patients with liver cirrhosis \[[@CR12]--[@CR15]\] in Japan to obtain indication for use. Patients in these trials received loop diuretic therapy before use of the study drugs. Pharmacokinetic and pharmacodynamic, escalating dose, dose finding, and pivotal trials were conducted to investigate, respectively, pharmacokinetics and pharmacodynamics \[[@CR12]\], safety and efficacy of seven or more consecutive days of treatment after escalation of the dose \[[@CR13]\], placebo-controlled dose response \[[@CR14]\], and efficacy and safety of treatment over seven consecutive days \[[@CR15]\] in patients with liver cirrhosis. The designs of these trials have been detailed \[[@CR12]--[@CR15]\].

Eligible patients with liver cirrhosis included those aged 20--80 years with persistent ascites despite combination diuretic therapy (a loop diuretic and an antialdosterone agent) before the start of the study. Patients with a total bilirubin level greater than 4.0 mg/dL, serum creatinine level greater than 2.0 mg/dL, serum sodium level greater than 147 mEq/L, and/or serum potassium level greater than 5.5 mEq/L as well as patients who received an albumin infusion within 7 days before starting the trial were excluded. Albumin infusion was not allowed during the treatment period.

These trials were conducted in accordance with the ethical principles stated in the Declaration of Helsinki \[[@CR19]\] and in compliance with good clinical practice guidelines \[[@CR20]\]. The protocols were approved by the institutional review board at each trial site. All patients provided written informed consent.

Study design {#Sec5}
------------

Inclusion and exclusion criteria of these trials were similar for all liver cirrhosis patients, and the present post hoc analysis was performed on the pooled data from the four trials.

Data from patients with liver cirrhosis who had received 7.5 mg tolvaptan once daily (7.5 mg tolvaptan group) or placebo (placebo group) were extracted for the post hoc analysis. The full analysis set included all randomized patients who received trial drugs at least once. Among the selected patients, those with a missing baseline serum albumin level, or baseline or initial urine volume were excluded from the analysis.

The baseline was defined as a 3-day observation period before the administration of the study drugs. The initial urine volume was defined as the urine volume collected during the first 24 h after initiation of treatment with the study drugs. The baseline urine volume was defined as the 24-h cumulative urine volume measured during the 3-day observation period (baseline). Changes in the initial urine volume from baseline were compared between the 7.5 mg tolvaptan and placebo groups. Moreover, an analysis of the change in the initial urine volume from baseline was conducted after stratification of patients into a subgroup with a serum albumin level below 2.5 g/dL and a subgroup with a serum albumin level of 2.5 g/dL or greater.

Factors affecting the change in the initial urine volume from baseline---including the study drug (tolvaptan), serum albumin level, age, sex, body weight, urine volume, serum creatinine level, serum sodium level, blood urea nitrogen (BUN) level, alanine aminotransferase level, aspartate aminotransferase level, total bilirubin level, and loop diuretic dose---were selected and assessed in all four clinical trials of tolvaptan. Previously, baseline renal function parameters, including serum albumin level and electrolyte levels, appeared to predict the change in the initial urine volume from baseline when loop diuretics were administered \[[@CR21]\].

Statistical analysis {#Sec6}
--------------------

Baseline characteristics and demographic data of patients with liver cirrhosis were analyzed in the 7.5 mg tolvaptan and placebo groups. Continuous data were expressed as the mean ± the standard deviation, and were analyzed using Student's *t* test. Categorical data were expressed as a number or percentage, and were analyzed using Fisher's exact test. The correlation between the change in the initial urine volume from baseline and the serum albumin level at baseline was examined by linear regression analysis. The Pearson correlation coefficient (*r*) was used to assess this correlation.

Potential predictors of the change in the initial urine volume were investigated by multiple regression analysis. The data were expressed as an estimate, the standard error, the 95 % confidence interval (CI), and the *P* value. An estimate was defined as the predicted change in the initial urine volume depending on the baseline data. A two-tailed *P* value below 0.05 was considered statistically significant. All statistical analyses were performed using SAS 9.4 (SAS Institute, Cary, NC, USA) and JMP version 11.0.0 (SAS Institute, Cary, NC, USA).

Results {#Sec7}
=======

Patients {#Sec8}
--------

The number of enrolled patients and the analysis set for the present post hoc analysis are shown in Fig. [1](#Fig1){ref-type="fig"}. Of the 284 patients, 106 were enrolled in the placebo group and 178 were enrolled in the 7.5 mg tolvaptan group; five patients \[three patients (2.8 %) in the placebo group and two patients (1.1 %) in the 7.5 mg tolvaptan group, respectively\] were excluded because of missing data, and thus the data on 103 patients in the placebo group and on 176 patients in the 7.5 mg tolvaptan group were analyzed. Characteristics and demographic data of the patients are shown in Table [1](#Tab1){ref-type="table"}. No significant differences were observed in any characteristic between the placebo and 7.5 mg tolvaptan groups.Fig. 1Enrolled patients and analysis set. The data are expressed as the number of patients. *Numbers in square brackets* represent reference citations. *PK/PD* pharmacokinetics/pharmacodynamicsTable 1Demographic and baseline characteristics of patients with liver cirrhosis (*n* = 279)Tolvaptan (*n* = 176)Placebo (*n* = 103)*P*Male sex118 (67.0 %)64 (62.1 %)0.4358Age (years)65.01 ± 9.2465.83 ± 9.170.4742Body weight (kg)60.32 ± 11.6758.65 ± 12.900.2685Urine volume (mL)1,473.56 ± 681.781,394.78 ± 565.550.3230BUN (mg/dL)23.39 ± 11.2324.03 ± 11.620.6500Serum creatinine (mg/dL)1.01 ± 0.361.01 ± 0.410.9767Serum albumin (g/dL)2.81 ± 0.482.85 ± 0.500.5135Serum sodium (mEq/L)135.13 ± 4.58135.69 ± 4.180.3063ALT (IU/L)28.07 ± 18.4327.73 ± 22.260.8907AST (IU/L)49.97 ± 30.1747.71 ± 38.450.5861T-Bil (mg/dL)1.56 ± 0.881.46 ± 0.970.3741Loop diuretic dose (mg)64.32 ± 34.4961.17 ± 27.980.4312Data are expressed as the number and percentage or the mean ± standard deviation. Comparisons between the 7.5 mg tolvaptan and placebo groups were performed using Student's *t* test for continuous data and Fisher's exact test for categorical data. The loop diuretic dose was converted to the equivalent dose of furosemide.*ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BUN* blood urea nitrogen, *T-Bil* total bilirubin

Efficacy outcomes {#Sec9}
-----------------

The change in the initial urine volume was significantly greater in the 7.5 mg tolvaptan group than in the placebo group (104 ± 549 mL vs 1,026 ± 739 mL, *P* \< 0.0001).

There was no correlation between the change in the initial urine volume from baseline and the serum albumin level at baseline (*r* = 0.029 in the placebo group and *r* = −0.112 in the 7.5 mg tolvaptan group; Fig. [3](#Fig3){ref-type="fig"}a), as shown in Fig. [3](#Fig3){ref-type="fig"}. Tolvaptan (compared with placebo) was associated with a significant change in the initial urine volume in patients with a serum albumin level below 2.5 g/dL (32 ± 526 mL vs 1,079 ± 653 mL, *P* \< 0.0001), as well as in patients with a serum albumin level of 2.5 g/dL or greater (123 ± 556 mL vs 1,005 ± 772 mL, *P* \< 0.0001; Fig. [3](#Fig3){ref-type="fig"}b).

Results of the analysis of predictive factors are shown in Table [2](#Tab2){ref-type="table"}. Tolvaptan use, age, and serum BUN level were identified as predictive factors. Tolvaptan use was associated with an estimated 885-mL change in the initial urine volume (95 % CI 727--1,043 mL, *P* \< 0.0001). A 1-year increase in age was associated with an estimated −11 mL change in the initial urine volume (95 % CI −20 to −2 mL, *P* = 0.0167). An increase in the serum BUN level per unit was associated with an estimated −12-mL change in the initial urine volume (95 % CI −24 to −1 mL, *P* = 0.0355). The serum albumin level at baseline was not a significant predictive factor.Table 2Factors predictive of the pharmacological action of tolvaptan in patients with liver cirrhosis (*n* =279)Predictive factorEstimateSE*P*95 % CIIntercept−40.01,349.550.9764−2,697.2 to 2,617.3Study drug (tolvaptan use)885.080.12\<0.0001727.2 to 1,042.7Serum albumin level20.787.120.8120−150.8 to 192.3Age−11.04.580.0167−20.0 to − 2.0Sex (male)157.296.410.1041−32.6 to 347.1Body weight0.24.130.9528−7.9 to 8.4Urine volume−0.00.070.5640−0.2 to 0.1Serum creatinine level−45.8171.760.7900−384.0 to 292.4Serum sodium level5.89.390.5369−12.7 to 24.3BUN level−12.25.780.0355−23.6 to − 0.8ALT level−1.63.820.6675−9.2 to 5.9AST level2.12.360.3746−2.5 to 6.7T-Bil level82.550.820.1058−17.6 to 182.6Loop diuretic dose2.11.240.0914−0.3 to 4.5Factors predictive of the change in the initial urine volume were investigated by multiple regression analysis. Data are expressed as an estimate, the standard error (*SE*), the 95 % confidence interval (*CI*), and the *P* value. The loop diuretic dose was converted to the equivalent dose of furosemide.*ALT* alanine aminotransferase, *AST* aspartate aminotransferase, *BUN* blood urea nitrogen, *SE* standard error, *T-Bil* total bilirubin

Discussion {#Sec10}
==========

In the present post hoc analysis, administration of tolvaptan increased the initial urine volume from baseline by approximately 1,000 mL in patients with liver cirrhosis and insufficient response to conventional diuretics (Fig. [2](#Fig2){ref-type="fig"}). This pharmacological action of tolvaptan was independent of the baseline serum albumin level. No change in the initial urine volume was observed in the placebo group. Our short-term study found no increase in urine volume without tolvaptan supplementation of the ongoing diuretic regimens and no correlation between the change in the initial urine volume and the serum albumin level in patients with liver cirrhosis.Fig. 2The change in the initial urine volume in response to treatment (tolvaptan vs placebo) is compared in patients with liver cirrhosis. The data are expressed as the mean ± the standard deviation. Statistical analysis was performed using Student's *t* test

We hypothesized that certain factors predict the pharmacological action of tolvaptan. Additional analysis regarding the relationship between potential predictive factors and the change in the initial urine volume showed that tolvaptan use was the most reliable factor predicting the change in the initial urine volume. This is the first study to use statistical methods to identify the most reliable factor predictive of a change in the initial urine volume in patients with liver cirrhosis. Tolvaptan use but not the serum albumin level at baseline was estimated to have a strong relationship with the change in the initial urine volume. Tolvaptan add-on therapy was effective in liver cirrhosis patients with a low serum albumin level (below 2.5 g/dL) and in liver cirrhosis patients with a high serum albumin level (2.5 g/dL or greater) (Fig. [3](#Fig3){ref-type="fig"}b) \[[@CR15]\]. Other factors---namely, age and serum BUN level---showed a weak relationship with the change in the initial urine volume in patients with liver cirrhosis. We believe it is reasonable that older patients may have a lesser increase or a decrease in urine volume, as our data suggest. However, at this juncture we do not fully understand why a higher BUN level would correlate with less urine, especially when there is no obvious correlation between urine volume and serum creatinine level. We suggest the correlation between a higher BUN level and less urine in the presence of normal levels of serum creatinine may reflect dehydration in patients with already altered liver function.Fig. 3Scatter plots (**a**) and box plots (**b**) examining the relationship between the change in the initial urine volume from baseline and the serum albumin level at baseline in patients with liver cirrhosis. The data in **a** are Pearson product-moment correlation coefficients (*r*) obtained by linear regression analysis. The data in **b** are expressed as the mean ± the standard deviation and were analyzed after stratification based on a serum albumin level of 2.5 mg/dL. Statistical analysis was performed using Student's *t* test. *Alb* albumin

It is well known that loop diuretics are not sufficiently effective in patients with hypoalbuminemia \[[@CR22]--[@CR24]\]. In the present post hoc analysis, tolvaptan added to treatment with conventional diuretics significantly increased the initial urine volume compared with placebo, even in patients with low serum albumin levels. In a previous seminal study, administration of furosemide--albumin complex efficiently promoted diuresis by increasing urine volume in patients with hypoalbuminemia \[[@CR25]\]. In addition, a randomized clinical trial in patients with liver cirrhosis indicated the potent effect of co-administration of furosemide and albumin on ascites resolution and rehospitalization \[[@CR26]\]. Furthermore, a recent randomized controlled study in patients with hypoalbuminemic chronic kidney disease showed superior short-term efficacy of the combination of furosemide and albumin over furosemide alone in enhancing water and sodium diuresis \[[@CR21]\].

The albumin-bound fraction of a loop diuretic reaches the proximal tubular epithelial cells to interact with an anion transporter. It is then translocated into the tubular lumen to exert the diuretic effect in the ascending limb of Henle's loop \[[@CR5]\]. However, hypoalbuminemia is theorized to contribute to diuretic resistance by increasing the volume of distributed protein-bound loop diuretics, thereby decreasing the amount of drug delivered to the renal secretory sites \[[@CR27]\]. Namely, the volume of distributed furosemide increases in hypoalbuminemic patients because the drug's retention time in plasma is short, leading to a decline in the amount of albumin-bound furosemide transferred to the proximal tubules. As a result, the level of albumin-free furosemide might be increased in the plasma of hypoalbuminemic patients. To some degree, the diuretic effect of furosemide is exerted in such patients by an increase in the dose. However, it is not clear whether albumin-free furosemide (in contrast to albumin-bound furosemide) has the potential to exert a diuretic effect via its transport to the ascending limb of Henle's loop. Thus, the diuretic effect of furosemide alone may be insufficient, because serum albumin levels are often low in patients with volume overload \[[@CR28]\].

Investigation of the in vitro binding of \[^14^C\]tolvaptan to protein at concentrations of 0.1--10 μg/mL in mouse, rat, rabbit, dog, and human plasma found high binding values of 97.2 % or greater in animals and 98.0--98.5 % in humans \[[@CR29]\]. Thus, both tolvaptan and furosemide have similarly high protein binding values. However, tolvaptan had a diuretic effect in patients with liver cirrhosis in the present post hoc analysis despite their having low serum albumin levels.

In patients with volume overload, release of vasopressin is increased in blood vessels \[[@CR30]\]. The mechanism of tolvaptan involves antagonizing V~2~ receptors in such patients (Fig. [4](#Fig4){ref-type="fig"}) \[[@CR11]\], and this difference in the mechanism of action between furosemide and tolvaptan is assumed to account for the protein-binding independence of tolvaptan's diuretic effect. Unfortunately, no evidence shows how much of the protein-free tolvaptan binds to V~2~ receptors in blood vessels and the extent to which protein-free tolvaptan binding to V~2~ receptors depends on serum albumin levels. Further examination of these issues is warranted.Fig. 4Suggestion of novel diuretic therapy based on two different mechanisms of diuretic action. Tolvaptan has a mechanism of action different from that of loop diuretics, and therefore tolvaptan add-on therapy is expected to be an optimal therapeutic option in patients with insufficient response to loop diuretics. *Alb* albumin, *AQP* aquaporin, *AVP* arginine vasopressin, *Fur* furosemide, *OAT* organic anion transporter, *Tol* tolvaptan

Previous clinical trials showed that the most common adverse event associated with tolvaptan was an increase in thirst, and only a few serious adverse events were observed. Hypernatremia was observed during the postmarketing period in some patients with heart failure treated with tolvaptan \[[@CR31]\]. Tolvaptan should be administered to patients with volume overload while they are receiving careful monitoring for hypernatremia.

In conclusion, this post hoc analysis shows that tolvaptan significantly increases the initial urine volume independent of serum albumin levels. Tolvaptan add-on therapy could be an optimal therapeutic option in patients with an insufficient response to loop diuretics.
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